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Fructose uptake and catabolism in AzospiriUum brasilense is dependent on three fructose-inducible enzymes (fru-enzymes): (i) enzyme I and (ii) enzyme II of the phosphoenolpyruvate:fructose phosphotransferase system and (iii) 1-phosphofructokinase. In minimal medium containing 3.7 mM succinate and 22 mM fructose as sources of carbon, growth of A. brasilense was diauxic, succinate being utilized in the first phase of growth and fructose in the second phase with a lag period between the two growth phases. None of the fru-enzymes could be detected in cells grown with succinate as the sole source of carbon, but they were detectable toward the end of the first phase of diauxie. All the fru-enzymes were coinduced by fructose and coordinately repressed by succinate. Studies on the effect of succinate on differential rates of syntheses of the fru-enzymes revealed that their induced syntheses in fructose minimal medium were subject to transient as well as permanent (catabolite) repression by succinate. Succinate also caused a similar pattern of transient and permanent repression of the fructose transport system in A. brasilense. However, no inducer (fructose) exclusionlike effect was observed as there was no inhibition of fructose uptake in the presence of succinate with fructose-grown cells even when they were fully induced for succinate uptake activity.
Azospirillum brasilense is a gram-negative, chemo-heterotropic, aerobic soil bacteriun that has the ability to fix atmospheric nitrogen under microaerobic conditions (30) . The bacterium has a tendency to grow in association with roots of graminaceous plants, including some important crop plants such as maize, wheat, and rice, and increases plant productivity by associative symbiosis (4, 33) . During the symbiosis, the bacteria presumably obtain their supply of carbon sources from the plants for growth and nitrogen fixation. These observations have led several groups to initiate a systematic investigation of carbon metabolismn in A. brasilense (3, 6, 10, 15, 21, 34) . This bacterium grows well on tricarboxylic acid cycle intermediates such as succinate or malate as a carbon source (30) . It also has the ability to utilize fructose (2, 3, 6, 15, 30) , galactose (15) , gluconate (15, 34) , and L-arabinose (21) but not glucose (30) . Of these sugars, the fructose transport system has been studied in some detail (3, 6) . Fructose catabolism in A. brasilense is initiated by a fructose-inducible phosphoenolpyruvate: fructose phosphotransferase system (fru-PTS) that mediates the concomitant transport and phosphorylation of the sugar (3, 6) . It has also been shown that the fru-PTS of A. brasilense is composed of a soluble component (enzyme I) and a rmembrane-bound component (enzyme II), both of which are necessary for the enzymatic phosphorylation of fructose (3) . Fructose-i-phosphate, the product of fru-PTS reactions, enters the glycolytic pathway for further catabolism after its conversion to fructose-1,6-bisphosphate by 1-phosphofructokinase (1-PFK) (6, 15) . All three enzymes, namely, enzyme I, enzyme II, and 1-PFK (collectively referred to here as fru-enzymes) are induced by fructose in A. brasilense. Despite such extensive work on the carbon metabolism of A. brasilense, there is almost a total lack of information on the regulation of carbon source utilization in this bacterium. As a first step, we focused our attention on the regulation of fructose uptake and catabolism. * Corresponding author.
An extremely important mode of carbon source utilization in bacteria is manifested by the phenomenon of diauxie, first observed by Monod (18) . Diauxic growth is shown by a bacterium when a primary or preferred carbon source causes suppression of the utilization of the secondary or less preferred carbon source while both are present in the growth medium. The classical example is the glucose-lactose diauxie in Escherichia coli, in which glucose is the preferred carbon source and lactose the less preferred one. Unlike enteric bacteria such as E. coli, aerobic bacteria generally prefer organic acids (tricarboxylic acid cycle intermediates, acetate, etc.) to sugars. Organic acid-sugar diauxie has been observed in aerobic bacteria such as Rhizobium meliloti (32) , Arthrobacter crystallopoietes (8), Pseudomonas spp. (1, 12, 25, 31) , and Azotobacter vinelandii (5) . Intensive studies on glucose-lactose diauxie in E. coli by a number of investigators have demonstrated that three mechanisms underlie this phenomenon: transient repression, permanent (catabolite) repression, and inducer exclusion (13) . In transient and permanent repression, glucose affects the syntheses of the enzymes coded by the lac operon, whereas in inducer exclusion, the uptake activity of lactose (inducer) is inhibited by glucose. However, there is a paucity of such critical studies in depth on diauxie in aerobic bacteria.
In this communication we show succinate-fructose diauxie in A. brasilense and present evidence of coinduction of the fru-enzymes by fructose. We also report here that in this bacterium, succinate causes both transient and permanent repression of induced syntheses of the fru-enzymes but fails to exert an inducer (fructose) exclusionlike effect.
MATERIALS AND METHODS
Bacterial strain and growth medium. The strain used in this study was A. brasilense RG; it was selected earlier in our laboratory from a culture of A. brasilense 81 (sent to us by N. R. Krieg) on the basis of its streptomycin resistance and good colony formation ofl a nitrogen-free minimal agar plate (16) . For growth of the strain, we used minimal medium as described by Okon et al. (22) 2 ,000 x g for 10 min, and 10 RI of the supernatant was spotted on Whatman 3MM paper soaked in 0.1 M sodium acetate (pH 7.0) (electrophoresis buffer) along with 2 ,ul of a mixture of cold fructose and fructose-i-phosphate (0.1 M each), which served as the known markers. After electrophoresis at 300 V for 90 min to separate fructose from fructose-i-phosphate, the paper was heated in an oven at 150°C until the well-separated yellow spots of fructose and fructose-i-phosphate appeared. The fructose-i-phosphate region was cut out, and its radioactivity was counted in a Beckman LS-1800 scintillation counter with 5 ml of scintillation fluid (4 g of Omnifluor per liter of toluene). Under the above assay conditions, the amount of radioactivity that disappeared from the fructose spot on enzyme incubation was equal to the radioactivity that appeared in the fructose-1-phosphate spot, within an error of +5%.
(ii) Enzyme II. Enzyme II activity was measured in the crude extracts exactly as described for the enzyme I assay, except that the reaction mixture contained an excess of enzyme 1 (80 to 100 ,ug of protein) and a rate-limiting amount of enzyme II. (30, 000 to 50,000 cpm/nmol, as measured after spotting on Whatman 3MM paper), and a rate-limiting amount of 1-PFK. The reaction mixture was incubated at 30°C for 12 min, and the reaction was terminated by heating the mixture in a boiling water bath for 30 s.
The reaction mixture was centrifuged at 2,000 x g for 5 min, and 10 pu1 of the supernatant was spotted onto Whatman 3MM paper along with a 2-pI solution of cold 0.1 M fructose-1,6-bisphosphate, which served as the known marker. To separate fructose-1,6-[6-32P]bisphosphate from [y-32PIATP, we subjected the paper to descending chromatography at room temperature for about 20 h using isobutyric acid-ammonia-water (66:1:33, vol/vol/vol) as the solvent (solvent A). The paper was then air dried and heated at 150°C in an oven until the yellow spot of fructose-1,6-bisphosphate appeared. The fructose-1,6-bisphosphate region was cut out, and its radioactivity was counted as described above. In this solvent system, ATP migrated faster than fructose-1,6-bisphosphate.
Definition of enzyme units. One unit of enzyme I or enzyme II was defined as the amount of enzyme that converted 1 nmol of fructose to fructose-i-phosphate per min at 37°C.
One unit of 1-PFK was defined as the amount of enzyme that produced 1 nmol of fructose-1,6-bisphosphate from fructose-1-phosphate per min at 30°C.
Uptake studies. Cell cultures were centrifuged, washed once with 50 mM sodiumn phosphate buffer (pH 7.0) (uptake buffer), and finally resuspended in the same buffer such that the OD5* was between 0.4 and 0.6. All the above operations were done at 30°C. Uptake of fructose or succinate was (Fig. 1) . When the concentration of succinate was halved to 1.85 mM without altering the fructose concentration (22 mM), growth was still diauxic, but the net increase in OD590 in the first phase was reduced by approximately half (from 0.66 to 0.35) (Fig. 1) . Further, when the medium contained only 3.7 mM succinate, growth ceased at the beginning of the lag period without showing any second phase of growth (Fig. 1) . To confirm the sequence of utilization of carbon sources during diauxie, we added a succinate-grown inoculum to a minimal medium containing 3.7 mM succinate and 22 mM fructose which was labeled with either ['4C]fructose or [14C]succinate. Utilization of the labeled carbon sources was monitored both by disappearance of radioactivity from the medium and by its incorporation into the cells (Fig. 2) . It was observed that in the diauxic growth ['4C]succinate was utilized first (as judged by its disappearance from the supernatant) and that upon its exhaustion the cells entered the lag phase. Only about 20% of the radiolabeled succinate that disappeared from the medium was incorporated into the cells in the first growth phase (Fig.  2) ; the remaining 80% of the radioactivity was presumably lost by the cells as 1'CO2 (10) . Radiolabeled fructose was utilized when growth was resumed in the second phase of diauxie (Fig. 2) . However, a small amount of fructose was also incorporated into the cells in the first phase of growth, although its disappearance from the supernatant could not be detected owing to the low specific activity of ["'Cifructose in the medium. These experiments clearly established that in the diauxic growth succinate was utilized in the first phase and that upon its exhaustion fructose was utilized in the second phase.
Kinetics of induction of fru-enzymes. From the pattern of fructose utilization in Fig. 2 , it appeared that in the lag period, after the exhaustion of succinate and after the first phase of diauxic growth, the cells synthesized the fruenzymes to enable them to grow on fructose in the second phase. That this was indeed the case was confirmed by monitoring the specific activities of the fru-enzymes during the diauxic growth of A. brasilense (Fig. 3A) . To observe whether the pattern of induced syntheses of the fru-enzymes as shown in Fig. 3A was manifested under a different condition of induction, exponentially growing cells in SMM were shifted to FMM (the lag phase preceding exponential growth was 90 min in this case) and induction of the fru-enzymes was monitored (Fig. 3B) . The pattern of syntheses of the fru-enzymes under this condition (Fig. 3B) nately induced but that their induction lagged temporally behind that of enzyme II. It should be noted that fru-enzyme activities were not detectable at all in cells grown in SMM (the 0-h values in Fig. 3B ). This is unlike the situation at the beginning of the lag phase of diauxic growth when enzyme I, enzyme II, and 1-PFK activities showed 25, 50, and 22% of their maximum levels, respectively (Fig. 3A) , which is probably due to the small amount of fructose that entered the cell in the first phase (Fig. 2) .
Succinate-mediated repression of fru-enzymes. Induced syntheses of the fru-enzymes and commencement of fructose utilization after exhaustion of succinate in diauxic growth ( Fig. 2 and 3A) suggested that succinate in some way interfered with the syntheses of these inducible enzymes in A. brasilense. To test how succinate affected the induced syntheses of the fru-enzymes, we measured the effect of succinate on the differential rates of syntheses of enzyme I, enzyme II, and 1-PFK (Fig. 4) . The addition of 3.7 mM succinate to cultures growing exponentially in FMM caused transient repression of enzyme I, enzyme II, and 1-PFK syntheses. The transient repression generally lasted slightly more than one generation, after which syntheses of these enzymes were resumed; however, permanent repression caused by succinate reduced the rate of syntheses of these enzymes by approximately half at this stage compared with those shown by the fully induced cells. In a similar experiment when a higher concentration of succinate (18.5 mM) was added, the pattern of repression of the fru-enzymes was the same as with 3.7 mM succinate (data not shown, except for enzyme II in (Fig. 4A, B, and C) . It ought to be emphasized here that the succinate-mediated transient and permanent repressions of the fru-enzymes in A. brasilense were not due to any reduction of total cellular protein synthesis since the addition of succinate to cultures growing on FMM actually enhances the growth rate of the cells. The doubling time of cells growing in FMM was decreased to 110 min upon the addition of succinate (see Fig.  6 ), which was characteristic of growth of A. brasilense in SMM.
To determine how the pattern of repression of enzyme I (Fig. 4A ) and enzyme II (Fig. 4B) was reflected at the level of uptake activity of whole cells, we also measured the effect of succinate on the differential rate of synthesis of the fructose transport system (Fig. 5 ). The addition of 3.7 mM succinate caused transient repression followed by permanent repression of synthesis of the fructose transport system. The transient repression persisted for one generation, and permanent repression decreased the differential rate of synthesis of the transport system to about 50% of that in the fully induced fructose culture. (Fig. 4A and B) as well as of the fructose transport system (Fig. 5 ), no conclusion could be drawn from the experiments as to whether succinate also mediated inducer (fructose) exclusion. To prove inducer exclusion, it was essential to demonstrate inhibition of fructose uptake in the presence of succinate while succinate uptake occurred at the same time. Hence, it was necessary to know whether the succinate transport system was fully induced or not under such conditions. We observed a sixfold increase in the succinate uptake rate in cells growing in FMM within 40 min of the addition of succinate, with no further increase thereafter (Fig. 6, inset) . Therefore, to test succinate-mediated inducer exclusion in A. brasilense, cells growing exponentially in FMM (having the basal level of succinate uptake activity) were collected at an OD59 of 0.18 and the fructose uptake rates were measured (for 6 min) in the absence and presence of 5 mM succinate. The rates were 17.2 and 19.6 nmol minmg of protein-1, respectively. To the same culture of cells, 3.7 mM succinate was added at an OD59 of 0.18, and cells were collected after 80 min to allow full induction of the succinate transport system. The fructose uptake rates in the absence and presence of 5 mM succinate in this case were 11.1 and 11.5 nmol min-' mg of protein-', respectively. Therefore, 5 mM succinate did not inhibit the fructose uptake activity in either type of cell. The lower values of fructose uptake activity in the latter case were due to the fact that the fructose transport system was in a state of transient 4 repression when the exponentially growing cells were collected (Fig. 5) . It is perhaps relevant to mention here that in cells fully induced for succinate and fructose transport, the substrate concentrations necessary to attain maximum rates of succinate and fructose uptake were observed to be 300 and 25 ,uM, respectively. When inducer exclusion was tested under conditions as described above, except that a subsaturating concentration of [14C]fructose (10 ,uM) was used, 5 mM succinate did not inhibit fructose uptake (data not shown).
DISCUSSION
In this study, an attempt was made to delineate some of the biochemical processes involved in succinate-fructose diauxie in A. brasilense. The use of radiolabeled carbon sources in the minimal growth medium demonstrated that succinate was utilized in the first phase and that fructose was utilized in the second phase of growth. Since we found that growth on 4 mM L-malate and 22 mM fructose was also diauxic (unpublished observation), it seems that in A. brasilense tricarboxylic acid cycle intermediates are preferred sources of carbon over fructose. Preference for succinate or malate over carbohydrates, therefore, seems to be a general feature of aerobic bacteria (8, 9, 32) . The characteristic feature of diauxic growth is that the utilization of the first carbon source is by a pathway that is constitutive, while that of the second carbon source is by an inducible pathway (18) . The kinetics of induction of the fru-enzymes indeed showed that the enzymes were undetectable in the beginning of the first phase; their syntheses began late in the first phase and attained maximal levels only during the second phase. On the other hand, the enzymes of the tricarboxylic acid cycle of A. brasilense which are essential for succinate metabolism are known to be constitutive (6, 15) . In addition, two of our observations also support the hypothesis that succinate utilization is constitutive in A. brasilense: (i) immediate stimulation of growth by addition of succinate to a culture growing exponentially in FMM, and (ii) resumption of exponential growth with a generation time of 110 min without any discernible lag upon shifting exponentially growing cells from fructose to SMM (unpublished observation). Based on the latter observation, succinate utilization in Pseudomonas aeruginosa was also considered to be constitutive (31) . What is apparently incompatible with our observation of constitutive succinate utilization in A. brasilense was the finding that there was a sixfold induction of the succinate transport system upon the addition of succinate to exponentially growing cells in FMM. A logical conclusion of these facts would be that the basal level of succinate uptake (as found in fructose-grown cells) is sufficient to meet the carbon source requirement of A. brasilense to grow at the maximal rate with a doubling time of 110 min as in SMM. It is perhaps relevant to point out at this juncture that in bacteria and yeasts, some fluctuations in enzyme levels whose syntheses are considered constitutive have been known to occur depending on the carbon source of growth (14, 24, 26) .
The addition of succinate to cells growing exponentially in FMM caused both transient and permanent repression of the induced syntheses of enzyme I, enzyme II, and 1-PFK. This mode of repression of the fru-enzymes by succinate is reminiscent of the repression of P-galactosidase by glucose in E. coli (19, 23) . Unlike the case of P. aeruginosa (28, 29) , neither the duration of transient repression nor the intensity of permanent repression was altered in A. brasilense by increasing the concentration of added succinate by even fivefold. Ucker and Signer (32) also observed succinatemediated transient and catabolite repression of ,-galactosidase synthesis in R. meliloti. We wish to point out here that in our large-scale preparations the specific activity of the phosphotransferase system in the crude extracts of A. brasilense grown with fructose as the only carbon source was in the range of 18 to 22 nmol min-1 mg of protein-' (unpublished observation), which is much higher than we reported in our previous study (5 nmol min-' mg of protein-1), as the cells were then grown on a mixture of succinate and fructose (3) . Undoubtedly, the reduced activity observed was due to the permanent repression effect of succinate on fru-PTS. With Pseudomonas doudoroffii, Baumann and Baumann (1) also observed that the specific activities of fru-PTS and 1-PFK were about 3.5-fold higher when cells were grown on fructose than when they were grown on a mixture of succinate and fructose.
In a previous report, succinate was shown to repress as well as inhibit the glucose permease activity in Arthrobacter crystallopoietes (8) . Midgley and Dawes (17) also reported the repression and inhibition of glucose permease by succinate in P. aeruginosa, but they mentioned that the phenomenon of inhibition was not reproducible. Mukadda et al. (20) , on the other hand, observed that the glucose permease activity in P. aeruginosa was repressed but not inhibited by succinate; however, they themselves pointed out that their results must be interpreted with caution since the succinate transport system itself was inducible in the bacterium. It should be borne in mind, though, that in both Arthrobacter crystallopoietes and P. aeruginosa, uptake of glucose is mediated by an active transport process. However, in P.
duodoroffli, in which fructose is transported via PTS, succinate was reported to cause 36% inhibition of fructose uptake (1) . To demonstrate unequivocally whether inducer exclusion occurred in A. brasilense, we chose fructosegrown cells which were fully induced for succinate uptake and also those cells which were not induced by succinate. With neither type of cells could succinate inhibit the uptake of fructose. This is unlike the case of enteric bacteria, in which inducer exclusion plays a very important role in diauxic growth (7, 24, 27) .
It is therefore evident from our studies that the sole mode of succinate regulation of fructose uptake and catabolism in A. brasilense is by repression (transient and permanent) of the induced syntheses of the fru-enzymes. Nonetheless, the biochemical basis of coinduction of the fru-enzymes by fructose and their coordinate repression by succinate remains unclear.
